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The magnetic properties of polycrystaline La0.5Ba0.5CoO2.5+δ (δ = 0.44 and 0.485) where investi-
gated using muon spin relaxation and bulk magnetization experiments. Below a Curie temperature
of TC = 160 K and 180 K, respectively, a magnetic phase with a macroscopic ferromagnetic moment
forms. µSR proves that the full volume inhomogeneously orders at TC but that there is microscop-
ically a phase separation into phase volumes possessing a fully static and a slow magnetic dynamic
behavior. A peak in the dynamic relaxation rate 35 K respectively 55 K below the Curie tempera-
ture indicates the freezing of spin components. The spin fluctuations are thermally activated with
a typical Jahn-Teller like phonon energy of Ea = 340 K. Together with co-operative Jahn-Teller
distortions appearing below the spin freezing temperature, this points to a strong magneto elastic
coupling as the cause for the magnetic fluctuations and the spin freezing.
PACS numbers: 76.75.+i,75.30.-m,75.30.Kz,75.50.Lk
I. INTRODUCTION
Materials with competing magnetic exchange interac-
tions may adopt a randomly frozen arrangement of spins
at low temperatures know as spin glass [1, 2]. Even start-
ing from a long range magnetically ordered state, com-
peting ferromagnetic (FM) and antiferromagnetic (AFM)
interactions can leads to a loss of collinearity and the for-
mation of a spin glass [3]. Also the phase separated state
of a partially randomly frozen spin glass and the collinear
magnet can be achieved. The nature of the spin glass
formation wether it is achieved through an equilibrium
phase transition or a more gradual freezing process has
been strongly debated. For the study of spin dynamics,
the muon spin rotation (µ+ SR) technique has been rec-
ognized to be a powerful probe among other complemen-
tary experimental methods. The possibility of zero-field
measurements makes the technique well suitable for the
spin glass systems for which a very small applied external
field can change the internal configuration of the system.
Cobaltites of the chemical composition RBaCo2O5+δ
have recently attracted great interest due to their in-
triguing electrical and magnetic properties [4–17]. On
top of orbital/charge ordering, metal-insulator transition
and giant magnetoresistance effects an additional degree
of freedom namely the different possible spin states of Co
make these materials a fascinating area for fundamental
science research. The possibility to adopt different spin
states in the cobaltites is due to the competition of the
crystal field splitting (10 Dq) of the 3d states favoring
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lower spin state configurations and the Hund’s exchange
interaction (JH) that lowers the energy of each pair of
electrons with parallel spin. For example in LaCoO3 the
ground state is a nonmagnetic Co3+(S =0, t62ge
0
g) due to
the fact that 10 Dq is slightly larger than JH . A spin
state transition to a higher spin state takes place with
increasing temperature. The mechanism of the transi-
tion is still under debate and different scenarios were pro-
posed. Some authors concluded a change from low spin
to intermediate spin (S =1, t52ge
1
g) while others suggest
the formation of the high spin state configuration (S =2,
t42ge
2
g) [18–21]. The introduction of additional charges by
e.g. the substitution of La3+ by M2+ (M= Ba, Sr, Ca) in
LaCoO3 results in remarkable changes in their magnetic
and electrical properties.
In this study, we have investigated powder samples of
La0.5Ba0.5CoO2.94 and La0.5Ba0.5CoO2.985. Compared
to the charge-balanced RBaCo2O5.5 compound, these
samples are hole-doped and possess a random distribu-
tion of La and Ba cations on the R site. The increased
oxygen content introduces a corresponding amount of
Co4+ into the undoped system consisting of Co3+ only.
For the fully oxidized compound, La0.5Ba0.5CoO3 a 1:1
mixture of Co3+ and Co4+ is obtained. The physical
properties are strongly influenced by this doping due to
competing magnetic interactions. A predominantly FM
order due to the double exchange interactions between
Co3+-Co4+ compete with the AFM exchange mediated
by the superexchange mechanism. This competition may
lead to the coexistence of FM and glassy behavior ob-
served e.g. in La0.5Sr0.5CoO3 [22]. The A-site ordered
compound LaBaCo2O6 possesses a ferromagnetic tran-
sition at TC =175 K while in its isochemical counter-
part La0.5Ba0.5CoO3 the TC = 190 K. Below around
2140 K both La0.5Ba0.5CoO3 and LaBaCo2O6 transform
to a magnetic glassy state [23]. At the same temperature
Fauth et al. [24] observed a structural change from cubic
to tetragonal which has been interpreted as a cooperative
Jahn-Teller effect and a partial d3z2−r2 type of orbital or-
dering. This interpretation is supported by the observed
elongation of the CoO6 octahedra along the direction of
the apical oxygen. At the same temperature a metal to
insulator transition is observed. Since mobile charges are
a prerequisite for the FM double exchange mechanism, a
change in the balance of the competing AFM-FM can be
anticipated at this temperature.
In this paper we present a susceptibility and µ+SR
study of La0.5Ba0.5CoO2.5+δ for two samples with dif-
ferent oxygen content, δ = 0.44 and 0.485. Macroscopic
dc and ac-susceptibility measurements reveal a FM tran-
sition at TC = 160 K and 180 K respectively. A clear
frequency dependence of the ac susceptibility is observed
below TC , i.e. a magnetic behavior typically found in sys-
tems exhibiting a spin freezing. µSR reveals quasi-static
disordered magnetic ordering below TC with slow mag-
netic dynamics persisting in 70% of the sample volume
down to lower temperatures. Far below TC (35 K and
55 K) a peak in the dynamic relaxation indicates the
freezing of the fluctuating spin components. The mea-
sured magnetic fluctuation rates can be well described
by a thermally activated process with an activation en-
ergy typical for Jahn-Teller like phonons. This and the
previously observed Jahn-Teller distortions in the crystal
lattice at the same temperature indicate that the freezing
process is governed by a magneto elastic coupling.
II. EXPERIMENTAL
La0.5Ba0.5CoO2.5+δ (δ = 0.44 and 0.485) samples were
synthesized by a standard solid state reaction. The rare
earth oxide, cobalt oxide and barium carbonate of a min-
imum purity of 99.99% were mixed and annealed at tem-
peratures 900 - 1200 ◦C for 100 h in air, with several
intermediate grindings. The obtained material was sepa-
rated into two batches. One of the batches was addition-
ally annealed in oxygen flow for 20 hours. The oxygen
content was determined with an accuracy of ±0.01 of the
oxygen index in the chemical formula by iodometric titra-
tion. Since the synthesis requires elevated temperatures
and high oxygen pressures to obtain a layered perovskite
structure [23], a slight oxygen-deficiency remains without
a high-pressure oxygen annealing. We found for the as-
prepared sample an oxygen content of δ = 0.44 whereas
for the oxidized sample δ = 0.485. The details of the sam-
ple preparation and determination of the oxygen content
can be found in Ref. [25]. From the analysis of our X-
ray data using the Rietveld profile refinements a cubic
structure with a space group Pm3m was found at room
temperature for both sample batches. The cubic symme-
try implies a complete disordering of the lanthanum and
barium ions on the same site of the perovskite. The bulk
magnetic properties have been studied using a Physical
Properties Measurements System (PPMS) in a tempera-
ture range T = 10− 250 K. The µSR technique utilizes
positively charged µ+ which are implanted into the sam-
ple and thermalize at interstitial lattice sites, where they
act as a volume sensitive magnetic microprobes. The
amplitude of the different µSR signals is proportional to
the volume fraction of the corresponding magnetic phase.
Therefore µSR is an ideal tool to investigate phase sep-
aration phenomena in magnetic materials. Here, only a
short description of the used time-differential method is
given while a more elaborate discussion about the appli-
cation of µSR to magnetic systems can be found else-
where [26]. A continuous muon beam with initial polar-
ization close to 100 % is implanted into the sample. The
muon spin precesses about possibly existing local mag-
netic fields Bloc with the Larmor frequency 2pif = γµBloc
(muon gyromagnetic ratio γµ = 8.531×10
8 rad s−1 T−1).
With a lifetime of τµ = 2.2 µs the muons decay into two
neutrinos and a positron, the latter being predominantly
emitted along the direction of the muon spin at the mo-
ment of the decay. Measurement of both the direction
of positron emission as well as the time between muon
implantation and positron detection therefore provides
a sensitive determination of the muon spin polarization
P (t). The time evolution of P (t) depends on the dis-
tribution of internal magnetic fields and their temporal
fluctuations. In this work, the measurements were per-
formed in zero applied field (ZF-µSR), which is especially
useful when even small external fields might change the
intrinsic magnetic state of the system under investiga-
tion. P (t) is measured via the decay asymmetry A(t) in
forward and backward positron counters at time t:
A(t) = A0P (t) (1)
Here, A0 is the experimentally observable decay asym-
metry of the order of 0.27 and
A(t) =
B(t)− αF (t)
B(t) + αF (t)
, (2)
where the B(t) and F (t) are the number of positrons
detected in the backward and forward detectors, respec-
tively, at time t after the arrival of the corresponding
muon in the sample. The α parameter is a calibration
constant which usually has a value close to one and ac-
counts for solid angle and efficiency difference of the two
detectors. In our experiments the polycrystalline samples
were packed into a thin polyethylene foil and mounted on
a fork holder in a helium flow cryostat in order to ensure
that no background signal is measured from the holder
and the packing.
III. RESULTS AND DISCUSSION
Fig. 1(a) shows dc-magnetization measurements per-
formed with an applied external field of 0.1 T after zero
3field cooling (ZFC) and field cooling (FC) in the temper-
ature range 10-250 K for La0.5Ba0.5CoO2.985. For tem-
FIG. 1. dc and ac-susceptibility measurements performed for
La0.5Ba0.5CoO2.985. (a) The temperature dependence of ZFC
and FC magnetization measurements performed in 0.1 T ex-
ternal magnetic field. (b) Temperature dependence of the
in-phase χ
′
measured with ac-field of 10 Oe for different fre-
quencies. (c) The corresponding out of phase χ
′′
. The arrows
show the shift of susceptibility with increasing frequency.
peratures higher than 180 K the sample is paramagnetic.
In fact at TC = 180 K a ferromagnetic transition is ob-
served with a sudden increase of the magnetization. Low-
ering the temperature the magnetization exhibits an ir-
reversible magnetic behavior between ZFC and FC mag-
netization curves below 140 K. The saturation moment
is close to 2 µB/F.U. indicating a mixture of spin states
which are most probably IS/LS of both Co3+ and Co4+
ions [23, 24]. The ac-susceptibility measurements as a
function of temperature are shown in Fig. 1(b) and 1(c)
for the in-phase χ′ and out of phase χ
′′
component of
the susceptibility, respectively. The magnetic suscepti-
bility shows a sharp increase close to the FM transition.
At lower temperature, slightly below Tc the susceptibil-
ity measurements show a peak followed by slow decrease
with decreasing temperature. The observed peak as well
as the low temperature tail of χ
′
shift to higher temper-
atures with increasing measuring frequency. The shift to
the higher temperatures with increasing the frequency is
better observed for χ
′′
in Fig. 1(c). The magnetic be-
havior of La0.5Ba0.5CoO2.985, i.e. the dc-magnetization
below 140 K, the frequency dependent cusp in the ac-
susceptibility and the small hysteresis, are consistent
with a spin glass and cluster glass like freezing of the mag-
netic moments [27, 28]. The actual temperature where
ZFC and FC magnetization deviate from each other de-
pends on the externally applied field also in accordance
with spin glass like systems. Interestingly our suscep-
tibility data are in good agreement with previous mea-
surements on the A-site ordered compound LaBaCo2O6
[29] which indicates that this structural feature is not
of strong importance for the magnetic behavior studied
here.
In order to get a better understanding of the
magnetic order and to probe the spin dynamics in
La0.5Ba0.5CoO2.5+δ, ZF-µ
+SR was used. The technique
can give a direct measure of the internal fields in bulk
samples. The sensitivity of the technique to fluctuations
of the internal field gives important information about
the dynamics of the magnetic moments in the sample.
The ZF-µ+SR spectra were collected over the tempera-
ture range 5 - 250 K. The ZF-µSR spectra are weakly
damped with an increasing relaxation when TC is ap-
proached from above, see inset of Fig. 2(a).
To analyze our experimental data, a stretched expo-
nential form was used at all temperatures above Tc:
P (t) = e−(λt)
β
. (3)
Here, λ represents the relaxation rate and β the expo-
nent. The spin relaxation in all this temperature range
is attributed static nuclear moments and rapidly fluctu-
ating cobalt moments in the paramagnetic phase. This
stretched exponential function, Eq. 3, has been found to
be appropriate in cases where a complex non-exponential
fluctuation pattern is expected, e.g. due to broad distri-
bution of fluctuation times [30]. The temperature depen-
dence of λ(T ) is shown in Fig. 2(a). As the temperature
approaches the magnetic phase transition from above the
magnetic fluctuations slow down and lead to the sharp in-
crease of λ(T ) at TC = 160 K for La0.5Ba0.5CoO2.94 and
180 K for La0.5Ba0.5CoO2.985, respectively. The temper-
ature dependence of the stretched exponential exponent
β above TC has been depicted in Fig. 2(b) for both sam-
ples with δ= 2.94 and δ= 2.985, respectively. In magnet-
ically homogenous systems β is equal to unity whereas in
inhomogenous systems with spin frustration β becomes
smaller than unity [31]. The stretched exponential expo-
nent β reaches a value of about 13 at TC for both samples
which is typical for inhomogeneous systems like spin or
cluster glasses.
Below TC the ZF-µSR spectra change completely. In
Fig. 3(a) a spectrum at 170 K (below TC = 180 K) is com-
pared to a spectrum at 190 K for La0.5Ba0.5CoO2.985. A
strong depolarization of 2/3 of P (t) is observed at early
times, indicating a wide distribution of internal magnetic
fields at the muon site, consistent with a magnetically
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FIG. 2. (a) The temperature dependence of the dynamic re-
laxation rate as defined by Eq. 3. Lines are guide to the eye,
only. The inset shows ZF-µSR raw data for T = 200, 190
and 180 K. (b) The stretched exponential exponent β as a
function of temperature for T > Tc.
inhomogeneous system. Note that the early time relax-
ation is dominated by the presence of the static compo-
nent of the field distribution and that the depolarization
of 2/3 of the µSR signal implies that 100% of the sam-
ple is magnetic below TC. If the field distribution at the
muon site would be purely static within the time window
of µSR the fast relaxation of 2/3 of the signal at early
times would be followed at late times by a non-relaxing
tail with P (t) = 1/3. This tail reflects, in a powder
average, the static field components which are longitu-
dinal to the initial muon spin which do not depolarize
P (t). This behavior is not observed in the present sam-
ples of La0.5Ba0.5CoO2.985 and La0.5Ba0.5CoO2.94. The
late time spectra of La0.5Ba0.5CoO2.985 for different tem-
peratures below TC are shown in Fig. 3(b). Clearly, a
relaxation of the 1/3-tail of the spectrum is observed for
temperatures well below TC. This relaxation is purely
due to fluctuating electronic moments, i.e. it is of dy-
namic origin, see e.g. [32, 33]. The strongest dynamic
relaxation is observed at T = 125 K, i.e 55 K below TC.
Since P (t) approaches 0.1 at late times it is evident that
only 70% of the muons experience this dynamic relax-
ation. In other words, a phase separation into a purely
static magnetic phase (30%) and into a fraction of the
sample experiencing slow magnetic fluctuations (70%)
is observed below TC. Below 125 K the dynamical re-
laxation decreases and becomes insignificant at very low
temperatures where the sample becomes fully static at a
FIG. 3. The zero-field muon spin relaxation spectra at various
temperatures for La0.5Ba0.5CoO2.985. a) The early time spec-
tra at 170 K, indicates that the muon depolarization is mostly
due to static fields. b) The damping of the 1/3-tail of the late
time spectra reveals the presence of magnetic fluctuations in
70% of the sample volume well below TC = 180 K.
temperature of 5 K.
Based on the qualitative results discussed above a fit
function given by the sum of a static and a dynamic
depolarization function was used for the spectra below
TC:
P (t) = 0.3Pstatic + 0.7Pdynamic (4)
The two functions used are:
Pstatic =
2
3
cos(2pift)e−
1
2
(∆t)2 +
1
3
(5)
Pdynamic = [
2
3
cos(2pift)e−
1
2
(∆t)2 +
1
3
]e−λt (6)
Here, ∆ measures the width of the static field distribu-
tion, while the muon precession frequency f is the mean
value of this distribution. λ is the dynamic relaxation
rate. The µSR signal Pdynamic which is connected to
the magnetic phase in which static order and magnetic
fluctuations are simultaneously present is described by a
product of a static and a dynamic relaxation function.
This estimation is valid in the present case, where f ≫ λ
[34]. Static Lorentz and Gaussian Kubo-Toyabe func-
tions have been tested for the static relaxation function
also, but only unsatisfactory results have been obtained.
5FIG. 4. (a) and (b) show the temperature dependence of
the static relaxation rate △(T) for La0.5Ba0.5CoO2.94 and
La0.5Ba0.5CoO2.985 together with the µSR frequency f evolu-
tion. The solid lines in a) and b) are fits according to Eq. 9.
(c) Temperature dependence of the dynamical relaxation rate
for the temperatures below Tc. The lines represent the fit
results according to the Redfield theory.
Figures 4(a) and (b) display the fit results of the static
parameters of the field distribution for La0.5Ba0.5CoO2.94
and La0.5Ba0.5CoO2.985 as a function of temperature, re-
spectively. △(T ) and the µSR frequency f develop below
TC in the ferromagnetic phase and continuously increase
decreasing the temperature. The dynamic relaxation rate
λ (T ) for both compounds is shown in Fig. 4(c). It dis-
plays a maximum at Tf = 125 K for both doping lev-
els. Roughly speaking, this behavior reflects the slowing
down of magnetic fluctuation with the fluctuation time
τ crossing the time window of the µSR technique. Be-
low Tf the fluctuations freezes out gradually and finally
λ approaches zero at very low temperatures. A possi-
ble explanation for this behavior is a freezing of local
charge and/or spin state fluctuations between neighbor-
ing Co3+ and Co4+ ions which freeze below Tf . The idea
of this kind of freezing is supported by the fact that no
anomaly is observed in the macroscopic measurements,
see Fig. 1. The dynamic relaxation rate λ was evalu-
ated using a modified Redfield theory [35]. According to
Redfield theory the dynamic relaxation rate
λ = 2σ2
νc
ν2c + ω
2
µ
(7)
is given by the fluctuation rate νc = 1/τ , the muon spin
Larmor precession frequency ωµ = 2pif , and σ describing
the static field distribution. This formula is valid for a
isotropic field distribution in the fast fluctuation regime
(νc >> σ). Following the argumentation of Baabe et al.
[36] the Redfied theory modifies to
λ = 1.5σ2VV
νc
ν2c + ω
2
µ
(8)
when electronic spins are the reason for the field fluctu-
ations at the muon site, which themselves precess fast in
a static magnetic field given by a magnetic environment.
σVV is the static Van Vleck linewidth. The solid lines in
Fig. 4(c) are fits of the dynamic relaxation rate using the
modified Redfield theory Eq. 8. To evaluate the function
λ(T ) the temperature dependences of ωµ(T ) and σVV(T )
have to be known. From a fit of the measured µSR fre-
quencies f(T ) to a simple mean field approach, ωµ(T ) is
obtained (see solid lines in Fig. 4(a) and (b)):
ωµ(T ) = 2pif0(1− T/TC)
0.5 (9)
The relation between σVV and ωµ has been determined
by evaluating the measured dynamic relaxation rate λ at
its maximum value, where, according to Eq. 8, νc = ωµ
and the following relation holds:
λmax =
3
4
σ2VV
ωµ
(10)
In other words, ωµ(T ) and the proportionality constant
between σVV and ωµ have been determined experimen-
tally. Strictly speaking the proportionality constant
4/3λmax has been measured at the maximum of λ(T )
only. The analysis of λ(T ) using the Redfield formalism
has been performed assuming that this proportionality
holds for all temperatures, i.e. :
λmax =
3
4
σ2VV(T )
ωµ(T )
(11)
Having the other parameters determined independently,
the only free parameter in the modified Redfield formula
Eq. 8 is the magnetic fluctuation rate νc. The data shown
in Fig. 4 c) are well described by an activated behavior
of the fluctuation rate
νc = ν0 exp(−Ea/T ) (12)
with an attempt frequency ν0 and an activation energy
Ea, the obtained fit results are summarized in Tab. I. The
fit to the data is excellent over the full temperature range
even though the described formalism is strictly speaking
only valid at high temperatures and slightly below the
maximum of λ(T ). At low temperatures the fluctuations
are so slow, that the Redfield formula can not be applied
anymore. For both compounds, an activation energy of
Ea ≈ 340 K is observed, which is a typical activation
energy for a Jahn-Teller like phonon. The present quan-
titative data are in good agreement with the neutron data
6TABLE I. Attempt frequency ν0 and activation energy Ea
obtained from the fit shown in Fig 4 c) using the modified
Redfield theory explained in the text.
La0.5Ba0.5CoO2.94 La0.5Ba0.5CoO2.985
ν0 (MHz) 1952(234) 2241(526)
Ea (K) 336(14) 343(28)
published by Fauth et al. [24] where a cooperative Jahn-
Teller deformation develops lowering the temperature be-
low 140 K where the metal-insulator transition takes
place. Therefore we propose that the freezing of spin
components at Tf has its origin in the Jahn-Teller distor-
tion and/or orbital ordering. In other words, we suggest
that the observed magnetic fluctuations stem from local
charge and corresponding spin state fluctuations between
the Co3+ and Co4+ ions which are driven by Jahn-Teller
fluctuations. Due to the La/Ba-site random disorder, the
CoO6 octahedra will be distorted locally which addition-
ally favors the localization of the conduction electrons
and an insulator state at lower temperatures. The charge
carrier localization accompanying the Jahn-Teller distor-
tions probably shifts the balance of the competing double
and super exchange towards the AFM superexchange and
in turn the randomly distributed ferromagnetic - antifer-
romagnetic interactions lead to a magnetic glassy state
observed below Tf .
IV. CONCLUSION
In conclusion, susceptibility and µSR measurements
on two La0.5Ba0.5CoO2.5+δ samples with different oxy-
gen content, δ = 0.44 and 0.485 have been performed
in order to study its static and dynamic magnetic prop-
erties. Both compounds are paramagnetic at high tem-
peratures and a transition to an inhomogeneous ferro-
magnetic phase is observed at TC = 160 K and 180 K,
respectively. The samples are electronically phase sepa-
rated into phases possessing static magnetic order (30%)
and a major sample volume showing slow magnetic dy-
namics of electronic moments. A maxima in the dynamic
magnetic relaxation rate at Tf = 125 K signals a freez-
ing of spin components well below TC . The simultane-
ous occurrence of the spin freezing and static cooperative
Jahn-Teller distortions below Tf and the observation that
the magnetic fluctuations are thermally activated with a
typically activation energy of Jahn-Teller like phonons
suggest that the magnetoelastic coupling is important to
the understanding of the low-temperature spin dynamics
of La0.5Ba0.5CoO2.5+δ and that it is responsible for the
observed spin freezing. We propose that the magnetic
fluctuations originate from local charge and hence spin
state fluctuations of neighboring Co3+ and Co4+ ions
driven by dynamic Jahn-Teller distortions. This inter-
pretation is also consistent with the observed absence of
a change of the macroscopic magnetization at Tf . Below
Tf a magnetically glassy state, i.e. a re-entrant spin glass
phase is entered as evidenced by the difference of FC
and ZFC magnetization curves and a typical frequency
dependence of the ac-susceptibility.
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